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D6FKRRO RIQDYDO DUFKLWHFWXUHDQGRFHDQ HQJLQHHULQJ -LDQJVX8QLYHUVLW\ RI 6FLHQFHDQG7HFKQRORJ\
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+\GURG\QDPLF EHKDYLRU WHVWV RI ORQJ ZDWHU ZDYHV ZLWK WKH IORDWLQJ EUHDNZDWHU LV D LPSRUWDQW
























   ,QWKHSDVW\HDUVVHYHUDOW\SHVRIIORDWLQJEUHDNZDWHUVKDYHDSSHDUHGRQWKHVFHQHDQGPDQ\
DFKLHYHPHQWVKDYHEHHQPDGHLQSRUWHQJLQHHULQJDUWLILFLDOEHDFKHVDQGPDULQHDTXDFXOWXUH+DOHV
>@ DQG 0F&DUWQH\ >@ SUHVHQWHG D UHYLHZ RI WKHVH W\SHV RQ HYDOXDWLQJ WKH SHUIRUPDQFH DQG
DSSOLFDELOLW\RIIORDWLQJEUHDNZDWHUV7KHPRVWVLPSOHDQGGXUDEOHW\SHRIIORDWLQJEUHDNZDWHULVRI
DVLQJOHSRQWRRQW\SHZKLFKLVJHQHUDOO\PDGHRIIHUURFRQFUHWHLQFXERLGVKDSHV)RUWKHVLQJOH
SRQWRRQ IORDWLQJ EUHDNZDWHU 63)% PRRUHG E\ WKH YHUWLFDO SLOH RU PRRULQJ OLQHV H[WHQVLYH










UHGXFLQJ ZDYH WXUEXOHQFH LV GXDO SRQWRRQ IORDWLQJ EUHDNZDWHU '3)% 7KHVH '3)%V DUH
FRQVWUXFWHGWRLQFUHDVHWKHLQHUWLDRIWKHIORDWLQJERG\DQGUHPDLQWKHWRWDOPDVVDVFRPSDUHGZLWK
WKH 63)%V :LOOLDPV DQG $EXO$]P >@ SUHOLPLQDULO\ LQYHVWLJDWHG WKH GHSHQGHQFH RI ZDYH
UHIOHFWLRQRIWKH'3)%RQWKHGHVLJQSDUDPHWHUVVXFKDVZLGWKGUDIWDQGVSDFLQJRIWKHSRQWRRQV
DQGPRRULQJOLQHVWLIIQHVV%DVHGRQWKHERXQGDU\HOHPHQWPHWKRG%(0:HQJDQG&KRX>@




ZDYH DWWHQXDWLQJ FDSDELOLW\ DQG K\GURG\QDPLF SHUIRUPDQFH RI D F\OLQGULFDO GRXEOH SRQWRRQ
FRQILJXUDWLRQ7KHH[SHULPHQWDO UHVXOWV LQGLFDWHG WKDW WKHKLJKHUZDYHPRUH VLJQLILFDQWO\H[FLWH
LQWHQVHPRYHPHQWZKLFKFDQLPSURYHZDYHWUDQVPLVVLRQDQGLQFUHDVHZDYHHQHUJ\GLVVLSDWLRQ 
   ,QRUGHU WR IXUWKHUHQKDQFH WKHSRZHUIXODELOLWLHVRIGLVVLSDWLQJZDYHHQHUJ\IURPRSHQVHD
VRPH LQYHVWLJDWRUV KDYH SURSRVHG VRPH QHZ W\SHV RI GLVVLSDWLYH VWUXFWXUHV DQG H[DPLQHG WKHLU
K\GURG\QDPLFEHKDYLRXU 'RQJ HW DO >@FRQGXFWHGSK\VLFDO PRGHO WHVWV WRPHDVXUH WKHZDYH
WUDQVPLVVLRQ FRHIILFLHQW RI D EURDGQHW IORDWLQJ EUHDNZDWHU 7KH\ GLVFRYHUHG WKDW WKH SURSRVHG
ERUDGQHWIORDWLQJEUHDNZDWHUQRWRQO\UHGXFHWUDQVPLWWHGZDYHKHLJKWVEXWUHGXFHFXUUHQWYHORFLW\
E\  7DQJ HW DO >@ SHUIRUPHG K\GURG\QDPLF DQDO\VLV DV ZHOO DV H[SHULPHQWDO WHVWV WR
LQYHVWLJDWHDQRWKHUNLQGRIIORDWLQJEUHDNZDWHUZLWKGXDOSRQWRRQIORDWLQJVWUXFWXUHFRQQHFWHGZLWK
DILVKQHWIRUFDJHDTXDFXOWXUH0L]XWDQLDQG5DKPDQ>@LQWURGXFHGWKHUHFWDQJXODUVKDSHGSRURXV
IORDWLQJ EUHDNZDWHU ZKLFK LV PRRUHG E\ WKUHH GLIIHUHQW W\SHV RI PRRULQJ V\VWHPV DQG
H[SHULPHQWDOO\ VWXGLHG WKH G\QDPLF EHKDYLRUV RI WKH VWUXFWXUH LQFOXGLQJ WKH ZDYH UHIOHFWLRQ
WUDQVPLVVLRQ PRWLRQ UHVSRQVHV DQG PRRULQJ OLQH IRUFHV :DQJ DQG 6XQ >@ SUHVHQWHG WKH
H[SHULPHQWDOUHVXOWVRIDQLQYHVWLJDWLRQRQWKHHIILFLHQF\RIDSRURXVIORDWLQJEUHDNZDWHUPDGHRI
GLDPRQGVKDSHGEORFNVXQGHUUHJXODUZDYHV.RUDLPDQG5DJHK>@LQYHVWLJDWHGH[SHULPHQWDOO\
WKH K\GURG\QDPLF SURSHUWLHV RI D UHFWDQJXODU ER[ IORDWLQJ EUHDNZDWHU ZLWK VRPH DWWDFKHG
VXEPHUJHGYHUWLFDOSODWHV&KRHWDO>@VWXGLHGWKHSHUIRUPDQFHRIKRUL]RQWDOLQFOLQHGGXDO
SRURXVSODWHVDVDQHIIHFWLYHEUHDNZDWHUE\DSSO\LQJ'DUF\




SODWHV XVLQJ WKH PDWFKHG HLJHQIXQFWLRQ H[SDQVLRQ PHWKRG 7KURXJK WKH SDUDPHWULF VWXG\ WKH\
FRQFOXGHG WKDW ERWKSURSHUO\ VHOHFWHGSRURVLW\ DGGHHSHU SURWUXGHG VLGHSODWHV FDQ LPSURYH WKH
EORFNLQJSHUIRUPDQFHRIWKLVʌW\SHIORDWLQJEUHDNZDWHU&KHQJHWD>@FDUULHGRXWK\GURG\QDPLF
DQDO\VHVRQWKHSRQWRRQYHU\IORDWLQJVWUXFWXUH9/)6ZLWKDWWDFKHGGXDOVXEPHUJHGKRUL]RQWDO
SODWHV &RPSDUHG ZLWK WKH VLQJOH SRQWRRQ IORDWLQJ EUHDNZDWHU WKH ZDYH WUDQVPLVVLRQ PRWLRQ
UHVSRQVHV RI IORDWLQJ ERG\ DQG WKH PRRULQJ IRUFHV FDQ EH DSSDUHQWO\ UHGXFHG E\ LQVWDOOLQJ
VXEPHUJHGKRUL]RQWDOSODWHV-LHWDO>@SURSRVHGWKHF\OLQGULFDOIORDWLQJEUHDNZDWHU&)%ZKLFK
FRQVLVWV RI D PDLQ ERG\ RI ULJLG F\OLQGHUV DQG D IOH[LEOH PHVK FDJH FRQWDLQLQJ D QXPEHU RI
VXVSHQGLQJEDOOV DQG VWXGLHG WKHZDYH WUDQVPLVVLRQFKDUDFWHULVWLFVPRWLRQ UHVSRQVHVDQGZDYH
LQGXFHGWHQVLRQRIWKHPRRULQJOLQHV 




ZDYH VKRDOLQJ HIIHFW 7KHUH DUH OLWWOH ZRUNV LQ SDUWLFXODU H[SHULPHQWDO VWXGLHV FRQGXFWHG IRU
H[DPLQLQJ WKHEHKDYLRURI WKHIORDWLQJEUHDNZDWHUV LQ ORQJUHJLRQ7 VaV ,QDGGLWLRQ WKH
QDWXUDOYLEUDWLRQSHULRGVRIWKHIORDWLQJEUHDNZDWHUVLVGHILQHGZLWKLQWKHUDQJHRIORQJZDYHSHULRGV
DQG WKH UHVRQDQW PRWLRQV RI VWUXFWXUH PD\ KDYH VLJQLILFDQW HIIHFWV RQ ZDYH DWWHQXDWLRQ ZKLFK
FDQQRWEHLJQRUDEOH7KHUHIRUHWKHZDYHGLVVLSDWLQJHIIHFWRIWKHIORDWLQJEUHDNZDWHUVLQORQJZDYH
UHJLPH UHPDLQV D WRSLFRI VWXGLHV ,W EURXJKW LOOXPLQDWLRQ WR WKH UHVHDUFK LQ WKLVSDSHU DQG WKH
SHUIRUPDQFHRIIRXUW\SHVRIIORDWLQJEUHDNZDWHUVDUHH[HFXWHGXQGHUWKHSURWRW\SHUDQJHRIUHJXODU
ZDYHSHULRG7 VaV7KHFRQILJXUDWLRQVRIWKHVHIORDWLQJEUHDNZDWHUVLQFOXGHWZRQHZ
VWUXFWXUHV SURSRVHG E\ WKH VDPH DXWKRUV > @ RQH LV D W\SH RI VLQJOH SRQWRRQW\SH SRURXV
UHFWDQJOH IORDWLQJ EUHDNZDWHU DQG DQRWKHU LQWHJUDWHV D F\OLQGULFDO GRXEOH SRQWRRQ IORDWLQJ
EUHDNZDWHUZLWKERWK WKHPHVKFDJHDQG WKHEDOOV&RPSDUDWLYHH[SHULPHQWVDUHDOVRFRQGXFWHG
DPRQJ WKH QHZ W\SHV RI IORDWLQJ EUHDNZDWHUV WUDGLWLRQDO VLQJOH SRQWRRQW\SH UHFWDQJOH IORDWLQJ
EUHDNZDWHUDQGGXDOSRQWRRQW\SHFLUFXODUIORDWLQJEUHDNZDWHU 








DVVHVV WKH VWUXFWXUDO UHVSRQVHV PRWLRQ UHVSRQVHV DQG PRRULQJ IRUFHV DQG WKH GLVVLSDWLQJ




   )ORDWLQJEUHDNZDWHUVIRUXVHZLWKILVKFDJHVSRURXVSODWHVVKRXOGEHLQH[SHQVLYHFRQYHQLHQWWR





ZKLFK LV IDEULFDWHG DQG DVVHPEOHG XVLQJ WZR KRUL]RQWDO SODWHV WKUHH ORQJLWXGLQDO SODWHV WKUHH
WUDQVYHUVHSODWHVDQGHLJKWFROXPQVIRUPLQJHLJKWFDELQVDQGKDVWKHVDPHH[WHULRUGLPHQVLRQVDV























   7KHH[SHULPHQWVDUHFRQGXFWHGLQDWZRGLPHQVLRQDOZDYHIOXPHPORQJPZLGHDQG
PGHHSORFDWHGDW-LDQJVX8QLYHUVLW\RI6FLHQFHRI7HFKQRORJ\7KHJODVVZDOOHGZDYHIOXPH










FDSWXUH WKH VL[GHJUHHRIIUHHGRP PRWLRQV RI WKH IORDWLQJ EUHDNZDWHUV ,Q RUGHU WR PHDVXUH
DFFXUDWHO\WKHHYROXWLRQRIZDYHVZDYHJDXJHV:*VDUHDUUDQJHGDWWKHFHQWHUOLQHRIWKHIOXPH
1RWHWKDWWZRJDXJHVIRUGHFRPSRVLQJLQFLGHQWDQGUHIOHFWHGZDYHVDUHLQVWDOOHGDWWKHSRVLWLRQRI











ZDYHKHLJKWVRIPDQGPDUH VHOHFWHG$FFRUGLQJ WR WKHH[SHULPHQWDOPRGHO VFDOHV WKH
H[SHULPHQWDOZDWHUGHSWK LVP WKHH[SHULPHQWDOZDYHSHULRGVUDQJHV IURPV WRV WKH
H[SHULPHQWDOZDYHKHLJKWVDUHPDQGP,QRUGHUWRLQYHVWLJDWHWKHZDYHSURWHFWLRQHIIHFW
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   +HUH .G GHQRWHV WKH FRQWULEXWLRQV IURP WKH YRUWH[ JHQHUDWHG E\ WKH HGJHV RI WKH VWUXFWXUH
YLVFRXVGLVVLSDWLRQE\SRURXVIORDWLQJEUHDNZDWHURUPHVKFDJHDQGEDOOVWKHPRWLRQUHVSRQVHVRI
IORDWLQJEUHDNZDWHUVZDYHEUHDNLQJDWVHDZDUGRIIORDWLQJEUHDNZDWHUVDQGZDYHRYHUWRSSLQJ 
   7KH DPSOLWXGHV RI VZD\ $VZD\ KHDYH $KHDYH DQG UROO $UROO UHVSRQVHV DUH GHILQHG DV WKH
RVFLOODWLRQDPSOLWXGHUHODWLYHWRWKHPHDQSRVLWLRQRIWKHIORDWLQJEUHDNZDWHUVLQZDYHV)RUODWHU
GLVFXVVLRQ WKH VZD\ KHDYH DQG UROO UHVSRQVH DPSOLWXGH RSHUDWRUV 5$2V DUH GHILQHG DV VZD\
5$2 $VZD\$LKHDYH5$2 $KHDYH$LDQGUROO5$2 $UROO$LUHVSHFWLYHO\ 
   0HDQZKLOH)VDQG)ODUHGHILQHGDVWKHSHDNYDOXHVRIWKHIRUFHVDFWLQJXSRQWKHVHDZDUGDQG
WKHOHHZDUGPRRULQJOLQHVUHVSHFWLYHO\ 
5HVXOWVDQGGLVFXVVLRQV 

















VLPLODU WUHQGV WKURXJKRXW WKHUDQJHRI WKH WHVWHGZDYHSHULRGV)RU0RGHODQG WKHZDYH
UHIOHFWLRQ LQFUHDVHV VOLJKWO\ ZLWK LQFUHDVLQJ LQFLGHQW ZDYH DPSOLWXGH ZKLFK LV WKH RSSRVLWH IRU
0RGHO7KLVRFFXUVEHFDXVH IRUD IL[HGZDYHSHULRG WKHKLJKHUZDYHV IRU0RGHODQG
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   1H[WZHUHSRUWWKHZDYHWUDQVPLVVLRQFRHIILFLHQWVRIIRXUW\SHVRIIORDWLQJEUHDNZDWHUV)LJ
DG VKRZV WKH PHDVXUHG WUDQVPLVVLRQ FRHIILFLHQW YHUVXV WKH ZDYH SHULRG DQG LQFLGHQW ZDYH
DPSOLWXGH7KHGDWDUHYHDOVWKDWWKHWRWDOWUDQVPLVVLRQFRHIILFLHQWRIHDFKPRGHOLQFUHDVHVUDSLGO\
XQWLOLWUHDFKHVLWVPD[LPXPYDOXHDWZDYHSHULRG7 VDQGWKHQKDVVRPHWXUQLQJSRLQWVLQORQJ
ZDYH UHJLPH ,Q WKHRU\ WKH EUHDNZDWHUV DUH DOPRVW WUDQVSDUHQW WR YHU\ ORQJ ZDYHV DQG WKH
WUDQVPLVVLRQ FRHIILFLHQW DSSURDFKHV RQH ZKHQ ZDYH SHULRG 7! V$FWXDOO\ KRZHYHU WKH ZDYH
WUDQVPLVVLRQFRHIILFLHQWVDEUXSWO\GHFUHDVHDWVRPHWXUQLQJSRLQWVDURXQGVVDQGVLQ
WKLVVHWRIH[SHULPHQWVHVSHFLDOO\IRU0RGHODQG,QDGGLWLRQ7KHZDYHSHULRGVFRUUHVSRQGLQJ
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   )LJ DG SUHVHQWV WKH UHODWLRQVKLS EHWZHHQ WKH ZDYH HQHUJ\ GLVVLSDWLRQ FRHIILFLHQW .G
FDOFXODWHGE\(T DQG WKHZDYHSHULRG7 IRU WKHIRXUPRGHOVZKHQ LQFLGHQWZDYHDPSOLWXGH
$L PDQGP7KHILJXUHVKRZVWKDWWKHIRXUPRGHOVDUHKLJKO\GLVVLSDWLYHZKHQH[SRVHG














   )RUWKH0RGHODQGWKHHQHUJ\GLVVLSDWLRQLVJHQHUDOO\VWURQJHUIRUKLJKHUZDYHVLQVKRUW
ZDYHUHJLPH7VDQGYLFHYHUVDLQORQJZDYHUHJLPH7!V7KLVLVGXHWRWKHIDFWWKDWWKH
IORDWLQJEUHDNZDWHUVPRYH LQSKDVHZLWKZDYHVLQORQJZDYHUHJLPHWKHQWKHKLJKHUZDYHVDUH
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   ,QRUGHUWRLOOXVWUDWHWKHPHFKDQLVPRIDERYHWXUQLQJSRLQWSKHQRPHQRQWKHPRWLRQUHVSRQVHV
RIIORDWLQJEUHDNZDWHUVDUHDOVRPHDVXUHG)RUWKHIRXUPRGHOVWKHYDULDWLRQVRIVZD\5$2KHDYH
5$2DQGUROO5$2ZLWKWKHZDYHSHULRGDQGLQFLGHQWZDYHDPSOLWXGHDUHSORWWHGLQ)LJV















ZLWKLQ WKH WHVWHG UHJLRQ RI ZDYH SHULRG 7KHVH SHDN UHVSRQVHV LQGLFDWH D UHVRQDQFH DQG WKH
FRUUHVSRQGLQJ SHULRGV DUH WKH GDPSHG QDWXUDO SHULRG RI WKH VZD\ KHDYH DQG UROO PRWLRQ 7KH
UHVRQDQWUHVSRQVHVFDXVHPRUHHQHUJ\WUDQVIHUIURPWKHZDYHHQHUJ\WRWKHNLQHWLFHQHUJ\RIWKH












7KLV LPSOLHV WKDW WKH KHDYH DQG UROO PRWLRQ UHVSRQVHV RI IORDWLQJ EUHDNZDWHUV LQFUHDVH
DSSUR[LPDWHO\OLQHDUO\ZLWKLQFLGHQWZDYHDPSOLWXGH 
    
    
)LJ9DULDWLRQVRIVZD\5$2YHUVXVZDYHUSHULRG7IRULQFLGHQWZDYHDPSOLWXGH$L DQGPD
0RGHOE0RGHOF0RGHOG0RGHO 
       
    
)LJ9DULDWLRQVRIKHDYH5$2YHUVXVZDYHUSHULRG7IRULQFLGHQWZDYHDPSOLWXGH$L DQGPD
0RGHOE0RGHOF0RGHOG0RGHO 
    




   7KHFDSDELOLW\RIPRRULQJV\VWHPRIWKHIORDWLQJEUHDNZDWHUVLVDOVRDFULWLFDOGHVLJQIDFWRUDQG
LVGHWHUPLQHGE\WKHPRWLRQUHVSRQVHVRIVWUXFWXUH,QWKHSUHVHQWVWXG\WKHUHVWUDLQWHIIHFWVRIWKH
PRRULQJOLQHVDUHHYDOXDWHGE\WKHWHQVLRQVRIWKHVHDZDUGDQGOHHZDUGOLQHV)LJVDQGJLYH

















   $VFDQEHREVHUYHGWKHWUHQGRIWKHPRRULQJIRUFHVIRUIRXUPRGHOVLVQRWPRQRWRQLFLQWKH
ZKROHZDYHSHULRG UDQJH DQG WKHUH DUH VRPH WXUQLQJSRLQWV DSSHDU QHDU WKHQDWXUDO SHULRGVRI
IORDWLQJ EUHDNZDWHUV ZKLFK PDWFKHV WKH REVHUYDWLRQ WKDW WKH PRWLRQ UHVSRQVHV LQFUHDVH DW WKH
QDWXUDOSHULRGVRIVWUXFWXUH,QDGGLWLRQWKHLQVWDOODWLRQRISRURXVSODWHVDQGPHVKFDJHZLOOUHGXFH
WKHUHVRQDQWUHVSRQVHVDQGPRRULQJIRUFHV 
    
    
)LJ9DULDWLRQVRIVHDZDUGPRRULQJIRUFH)VYHUVXVZDYHUSHULRG7DQGLQFLGHQWZDYHDPSOLWXGH$LD0RGHO
E0RGHOF0RGHOG0RGHO 
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H[WUHPHO\ ORQJ LQFLGHQWZDYHV WKHGDPSLQJFRQWULEXWLRQIURPSRURXVSODWHVRUPHVKFDJHZLWK
EDOOVFDQUHGXFHWKHPRWLRQUHVSRQVHVDQGPRRULQJORDGV 
5HVRQDQWUHVSRQVHVFDQDOVREHREVHUYHGLQWKHPRWLRQVDQGPRRULQJWHQVLRQRIEUHDNZDWHUVDQG




ZDYH UHJLPH ZKLFK UHVXOWLQJ LQ WKH UHGXFWLRQ RI PRWLRQ 5$2 DQG HQHUJ\ GLVVLSDWLRQ DQG WKH
LQFUHDVHRIWUDQVPLVVLRQFRHIILFLHQW+RZHYHUWKHK\GURG\QDPLFSHUIRUPDQFHRI0RGHOLQORQJ
ZDYHUHJLPHLVQRWYHU\VHQVLWLYHWRWKHLQFLGHQWZDYHDPSOLWXGH 
   7KURXJKWKHH[SHULPHQWDOVWXGLHVLWFDQEHFRQFOXGHGWKDWDOOIRXUW\SHVRIIORDWLQJEUHDNZDWHUV
KDYHWKHWXUQLQJSRLQWSKHQRPHQRQIRU ORQJZDYHVFDWWHULQJ)XUWKHUPRUH WKHYLVFRXVGDPSLQJ
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